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ABSTRACT 
KNEE EXTENSOR FATIGABILITY DURING DIFFERENT RESISTANCE 
EXERCISE PROTOCOLS IN YOUNG AND OLD ADULTS 
Jose Delgadillo 
Marquette University, 2018 
Aging is associated with decreased muscle strength, power, and contraction 
velocity, and increased fatigability of the lower limb muscles during dynamic 
contractions. The aims of this thesis were to compare young in and old men and women 
in: (1) fatigability of the knee extensors for two types of dynamic fatiguing protocols that 
are the basis of resistance training protocols, and (2) the central and peripheral 
mechanisms of fatigue during the two types of dynamic fatiguing protocols. 
Twenty young (19-24, 22.2 ± 1.3 years, men = 10) and twenty old adults (64-85, 
73.8 ± 5.4, men = 10) performed: two different resistance training protocols, one high 
load high velocity protocol (HLP) and one low load low velocity protocol (LLP), each 
completing 4 sets of 8 repetitions. Before and after each protocol, the following were 
assessed: voluntary activation using muscle stimulation and the interpolated twitch 
technique as a measure of central fatigue, and contractile properties evoked with 
electrical stimulation as a measure of peripheral fatigue.  
The LLP of the knee extensor muscles induced greater reductions in isometric 
force than the HLP (P < 0.05) (21% vs. 12% reduction) across all four exercise sets, 
resulting in greater fatigability for the LLP. A more rapid recovery of MVIC force for the 
young adults compared to the old was observed (P < 0.05). The LLP also showed a 
greater reduction in the rate of force development than the HLP (P < 0.05). The reduction 
in MVIC force was associated with the reductions in twitch amplitude (r² = 0.368, P < 
0.001) and voluntary activation (r2 = 0.209, P < 0.05) for the LLP but not the HLP (P > 
0.05). 
The LLP protocol induced greater fatigability of the knee extensor muscles than 
the HLP, evidenced by greater reductions in MVIC. Muscular mechanisms were the 
primary contributor to the differences with a smaller contribution from neural 
mechanisms.  
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CHAPTER I. INTRODUCTION 
In western countries such as the United States, the number and proportion of 
adults ( > 65 years) is rapidly increasing and is projected to exponentially grow from 13% 
in 2010 to 20% in 2030 (CDC, 2013). Ultimately, an aging population will lead to greater 
health care costs, thus effective strategies are needed to offset the age-related declines in 
older adults’ health. Advanced aging is associated with a decreased ability to perform 
daily tasks and a loss of independence, in part due to decrements in neuromuscular 
function (Hunter et al., 2016a), including reduced muscle strength and power (Frontera et 
al., 2000; McNeil & Rice, 2007), increased fatigability during dynamic contractions 
(Hunter et al., 2016a; Sundberg et al., 2018), and decreased muscle mass (Lexell, 1995). 
The age- related loss in muscle mass, cross sectional area, and functional capacity, 
termed sarcopenia (Fielding et al., 2011) typically accelerates after the age of 60 years 
(Frontera et al., 2000), and is associated with a loss of independence, reduced mobility, 
and increased mortality (Metter et al., 2004). By further understanding the physiological 
impairments of the neuromuscular system associated with aging, strategies can be 
formulated to help old adults remain as independent as possible and maintain their quality 
of life. One strategy in which to potentially offset the age-related declines in muscle 
function for older men and women is through strength training, which can improve 
strength, power, and physical function (Frontera et al., 1988; Hunter et al., 1999; 
Kalapotharakos et al., 2005).  
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Age Related Losses in Strength and Power 
Strength: The age-related loss in force generating capacity of lower limb skeletal 
muscle (Raj et al., 2010) is associated with an increased risks of falls (Orr et al., 2006), 
and greater difficulty when completing activities of daily living (Doherty, 2003); 
indicating the importance of maintaining strength in old adults. There are differences 
between muscle groups, and the age-related losses in strength appear to be greater in the 
lower limb than the upper limb, particularly the knee extensor muscles (Frontera et al., 
2000; Hunter et al., 2000). For example, knee extensor strength for old adults declines on 
average ~ 10% per decade from 50-60 years of age (Hunter et al., 2000), and is further 
exacerbated with very advanced age. Loss of strength in the knee extensor muscles has 
shown to be >50% in men and women by ~ 80 years (Murray et al., 1980; Murray et al., 
1985; Hunter et al., 2000) compared with 12% and 19% age related reductions in men 
and women respectively for handgrip strength (Bassey & Harries, 1993). The variability 
in strength between muscle groups with aging could potentially be explained by the age-
related differences in skeletal muscle mass loss due to differences in the use and activity 
between muscle groups (Janssen et al., 2000). However, across most muscle groups, old 
adults who are more active are stronger than those who are less active (Rantanen et al., 
1997; Hunter et al., 2000), and so the reduction in physical activity that occurs with aging 
in general (CDC, 2013) contributes to the reductions in strength observed in old adults 
compared with young. Ultimately however, the age-related reductions in strength are 
primarily due to impairments in the motor unit i.e. the motor neuron and the fibers it 
innervates. (Lexell et al., 1988; Hunter et al., 2016a), with probable contribution from 
inadequate activation of the motor units (Hunter et al., 2016a). 
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Furthermore, there are age-related changes in strength during dynamic 
contractions at a constant velocity (often measured via isokinetic dynamometry) but the 
magnitude of change with aging is dependent on the type of muscle action, specifically 
the lengthening (eccentric) and shortening (concentric) actions of muscles during a 
dynamic task (Hunter et al., 2016b; Rozand et al., 2017). Reductions of force during 
muscle shortening actions have been observed with the lower extremity muscles in old 
adults (Dalton et al., 2014), however the force capabilities during lengthening 
contractions appear to be more preserved in older adults in both the upper and lower 
extremities compared with maximal force exerted during isometric and shortening 
contractions (Roig et al., 2010; Rozand et al., 2017). The mechanisms for these age-
related differences are still not yet understood. Possible theories for the differences seen 
in contractions include increased connective tissue and muscle passive stiffness (Valour 
& Pousson, 2003) along with preserved tension in old muscle fibers during stretching 
(Hortobagyi et al., 1995). Furthermore, the age-related reductions in muscle power may 
be of a greater magnitude compared to the age-related reductions in strength. 
Power and Contraction Velocity:  Muscle power is the product of  muscle force 
and contraction velocity (Neumann, 2016) and so any age-related reductions in 
contraction velocity and strength will exacerbate the reductions in limb muscle power 
with aging (Hunter et al., 2016a). In old adults, muscle power is more closely associated 
with performance during activities of daily living than muscle strength measured during 
static contractions; such activities include rising from a chair or stair climbing (Reid & 
Fielding, 2012). Although there is evidence of reduced power in old adults when 
compared with young adults in both the upper and lower limbs, greater age-related 
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differences in power appear to be in the lower extremity, particularly the knee extensor 
muscles (Raj et al., 2010). The age-related reductions in muscle power are greatest at 
moderate- to- high velocity contractions (Lanza et al., 2003; Sundberg et al., 2018). One 
possible mechanism for the larger age-related difference at high contraction velocities 
could be the significant reductions in maximum shortening velocity of the muscle fibers, 
in particular the type II fast muscle fibers (Larsson et al., 1997), as well as an 
accumulation of metabolic by products ( i.e. H+, Pi) which can impair cross bridge 
function (Debold et al., 2016) and excitation-contraction coupling (Allen et al., 2008).  
Mechanisms for the Age-Related Decline in Strength and Power 
 
The Age-Related Changes in the Motor Unit and Fiber Types: The motor unit, 
which is the primary output for the central nervous system consists of  -the motor neuron, 
and all the muscle fibers it innervates (Heckman & Enoka, 2012). A primary cause of 
reductions in strength and power with aging is a net loss of motor units, and a reduction 
in the size of the existing muscle fibers (Campbell et al., 1973; Lexell et al., 1988). 
Within the aging motor unit, there is a reduction of the innervated muscle fiber size 
(atrophy) (Lexell et al., 1988), along with an age-related retraction of the motor neuron 
from some of the muscle fibers it innervates, leaving some fibers denervated while others 
reinnervated through adjacent axons, termed collateral sprouting (Heise et al., 2013). 
Furthermore, the surviving muscle fibers of older adults when compared with young 
adults are typically smaller, particularly in the lower extremity muscles (Lexell et al., 
1988; Hunter et al., 1999).  
Fiber Type Composition: Human muscle fibers can in general, be categorized into 
type I and type II fibers that are characterized by the primary myosin heavy chain 
5 
composition of the muscle fiber (Staron, 1997). Further, there can be classification based 
on the contractile characteristics of the muscle fibers. For example, histochemical 
staining gives type I fibers the profile of being predominantly “slow” fibers with a 
smaller motor unit and having a more fatigue resistant profile (Hunter et al., 2017). In 
contrast, type II “fast” muscle fibers have predominantly larger motor units, higher 
innervation ratio of muscle fibers, and can produce greater and faster force as compared 
to type I fibers. However, type II fibers are classified as fast fatigable fibers due to their  
higher glycolytic enzyme activity, and becoming more easily fatigable during prolonged 
contractions (Hunter et al., 2017) than type I fibers. Subtypes of the type II fibers have 
been described as type IIa, IIax, and IIx, all possessing slightly different characteristics, 
but having the overall same fatigue profile for type II fibers (Scott et al., 2001).  
With aging, there is typically a selective atrophy of the type II fast muscle fibers 
(Lexell et al., 1988; Hunter et al., 1999), and this atrophy has been associated with 
declines in knee extensor strength (Larsson et al., 1979). The selective loss of the fast 
type II fibers, along with the relative preservation of the type I slow fibers in aging 
muscle results in a shift toward a smaller muscle in old adults that possesses a larger 
relative area of the slow type I fibers (Hunter et al., 1999; Miljkovic et al., 2015). 
Furthermore, experiments on isolated single fibers extracted from muscle biopsies of old 
adults (~80 years) show that the slowing of type II muscle fibers is greater than type I 
muscle fibers (Trappe et al., 2003), potentially contributing to reductions in contractile 
speed in old adults (Larsson et al., 1997). Because of the age-related fiber shift, a muscle 
that is more dominated by slow type I fibers will have slower rates of force development 
and slower rates of relaxation that contribute to the overall slowing of the whole muscle 
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in both voluntary (Klass et al., 2008) and electrically evoked (Hunter et al., 1999; 
Molenaar et al., 2013) contractions compared to young adults in both the upper and lower 
limb muscles.  
Voluntary Activation:  In addition to the age-related changes in the muscle, 
strength and power may decline with age because of inadequate activation of the motor 
unit (Hunter et al., 2016a). This insufficient activation could be due to spinal or 
supraspinal mechanisms and are best expressed as voluntary activation or volitional drive 
to the muscle (Gandevia, 2001). 
Voluntary activation is the level of voluntary neural drive to the muscle during 
voluntary effort (Gandevia, 2001). Declines in voluntary activation during a task in older 
adults are determined by the changes in excitability of the cortical and motor neurons at 
or above the spinal cord level (Klass et al., 2007). In both the upper and lower 
extremities, age-related changes resulting in inadequate activation could potentially stem 
from the lower discharge rates of the remaining motor units in old adults (Connelly et al., 
1999; Dalton et al., 2010b). Voluntary activation can be estimated using non-invasive 
electrical stimulation techniques at the motor cortex, for example, transcranial magnetic 
stimulation (TMS) (Hunter et al., 2008) to assess neural drive and cortical inhibition. 
Voluntary activation can also be quantified with the interpolated twitch technique that 
involves stimulation to the nerve or muscle during maximal voluntary contractions 
(MVC’s) to assess skeletal muscle completeness (Shield & Zhou, 2004). These 
techniques to assess voluntary activation have been implemented during isometric and 
dynamic contractions in young and old adults (Rozand et al., 2017).  
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Activation during isometric contractions: During maximal isometric contractions with 
minimal practice, old adults exhibit lower and more variable voluntary activation than 
young adults when assessed with stimulation to the motor cortex as well as to the muscle 
(Jakobi & Rice, 2002; Hunter et al., 2008; Yoon et al., 2008b; Rozand et al., 2017). 
Because of this age-related increase in variability, older adults may have difficulty 
achieving adequate activation during real world tasks that may only occur once, for 
example attempting to recover from a fall (Hunter et al., 2016a). Although there is 
evidence that the age-related differences in voluntary activation are dependent on the 
speed of contraction and the muscle group being tested (Klass et al., 2007), there is 
limited research examining voluntary activation during dynamic contractions due to 
multiple technical limitations and barriers. 
Activation during dynamic contractions: When assessing slow to moderate dynamic 
contractions using the interpolated twitch technique, voluntary activation levels have 
been similar between young and old adults for the upper and lower extremity (Klass et 
al., 2005; Rozand et al., 2017). However, when attempting to assess voluntary activation 
during high velocity-dynamic movements, more difficulty occurs due to the technical 
limitations as well as the variable power playing a larger role in older adults (Lanza et al., 
2003). Further, during fast dynamic contractions, insufficient activation of motor units 
may occur, with strong evidence that again indicates the significance of power related 
reductions in older adults (Hunter et al., 2016a).  
Performance Fatigability 
 
  With the age-related changes in voluntary activation, power, and strength, 
declines in motor performance can occur, termed performance fatigability. Performance 
8 
fatigability is an acute decline in motor performance which is caused by an exercise-
induced reduction in the force or power of the muscles being used (Hunter, 2017). 
Functional implications of performance fatigue can affect activities of daily living, with 
recent evidence showing associations between functional performance tasks such as 
walking endurance and balance with performance fatigability in healthy old adults 
(Senefeld et al., 2017). Greater fatigability in old adults can also further exacerbate the 
age-related changes that occur such as losses in strength and power (Hunter et al., 
2016a).  
 
 
Figure 1.1. The neuromuscular pathway. The common sites of fatigue which can be due 
to supraspinal, spinal, or muscular sources. (Hunter 2017). 
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Fatigue can originate from a number of sites along the neuromuscular pathway, some of 
which are shown in Figure 1.1 from a recent review (Hunter, 2017). In general, peripheral 
mechanisms stem from those distal to the motor neuron, predominantly in the skeletal 
muscle, and fatigue that occurs due to these mechanisms is termed peripheral fatigue. 
Central mechanisms originate from sites proximal to the neuromuscular junction within 
the central nervous system and are known as central fatigue (Hunter, 2017).  
Peripheral mechanisms. Fatigue that occurs distal to the motor neuron and within the 
muscle is considered peripheral fatigue. Some sites of this fatigue can occur at the 
neuromuscular junction and the muscle fibers, affecting the contractile properties of the 
muscle. When assessing peripheral mechanisms, common approaches include delivering 
electrically evoked stimuli to the contracting muscle or nerve while the muscle is at rest 
before and after a fatiguing task (Merton, 1954; Hunter et al., 2004). By delivering 
stimuli to the nerve or muscle, contributions of fatigue can be assessed independent of the 
central nervous system. Several contractile properties that can be assessed from electrical 
stimulation include the amplitude of the evoked muscle contraction, or muscle twitch 
amplitude, the rate of force development or twitch contraction time, and the rate of 
relaxation or half relaxation from the electrically evoked stimuli. Changes in these 
measurements during a fatiguing task potentially indicate fatigue occurred due to  
mechanisms at the neuromuscular junction or within the contractile components of the 
muscle, such as impairments in excitation-contraction coupling (Kent-Braun, 2009).  
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Figure 1.2. Voluntary Activation series of events. The series of events that occur during a 
voluntary contraction (Gandevia, 2001). 
Central Mechanisms. Fatigue that occurs proximal to the neuromuscular junction is 
considered central fatigue, which is a progressive reduction in the voluntary activation of 
a muscle during exercise (Gandevia, 2001). The activation of muscle contraction during 
performance is associated with a series of physiological events that originate from within 
the central nervous system, some of which are shown in Figure 1.2 (Gandevia, 2001). In 
general, voluntary descending drive that results in activation of motor pathways involves 
activation of the motor cortex, pathways to the motor neurons, motor axons linking to the 
neuromuscular junction, followed by muscular interactions at the sarcolemma and 
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myofibril-myofilament level. When performing a fatiguing bout of exercise, voluntary 
activation often declines, indicating a less than optimal neural drive to voluntary recruit 
all the potential motor units, or having inadequate discharge rates of the motor units 
(Gandevia, 2001).  
Volitional drive can be quantified with the interpolated twitch technique (Merton, 
1954; Shield & Zhou, 2004). During a maximal contraction, a stimulus to either the 
nerve, muscle belly, or motor cortex can be given during performance of a maximal effort 
contraction and any increase in force elicited by the stimulation indicates the lack or 
failure of voluntary drive proximal to the site of stimulation. Typically, voluntary drive is 
measured before and after fatiguing exercise during maximal isometric contractions 
(Allen et al., 1995; Allen et al., 1998; Gandevia, 2001) and also during dynamic 
contractions (Rozand et al., 2017). When further assessing mechanisms of performance 
fatigue, it is important to discuss how different tasks can elicit different mechanisms and 
magnitudes of fatigue, particularly in older adults.  
Aging and Fatigability 
Fatigability of Dynamic Contractions. The velocity of contraction can alter the 
amount of fatigue that occurs in older adults for a given task. During isometric tasks, 
fatigue in older adults (~65-80 years) has been shown to be less compared to young 
adults (~18-40 years), specifically in the lower limb muscles (Callahan et al., 2009; Kent-
Braun, 2009). However, when assessing dynamic movements, age differences in 
fatigability appear to reverse, but more so in the lower limb muscles (Baudry et al., 2007; 
Justice et al., 2014). When assessing slow-to-moderate velocity contractions of the knee 
extensors, the age differences in fatigability appear to be minimal relative to their young 
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counterparts (Callahan et al., 2009). However, for fast velocity contractions performed 
either at a fixed velocity (isokinetic), or fixed resistance (isotonic), older adults have 
shown greater fatigue in the knee extensors along with other lower limb muscles as 
evidenced by greater reductions in power compared to young adults during dynamic 
fatiguing contractions (McNeil & Rice, 2007; Callahan & Kent-Braun, 2011; Senefeld et 
al., 2017; Sundberg et al., 2018). In contrast to dynamic fatigability, older adults are 
typically more fatigue resistant during isometric tasks compared to young adults in both 
the upper and lower limb muscles (Hunter et al., 2004, 2005; Callahan et al., 2009; Kent-
Braun, 2009).  
Isometric Fatigability. Despite young adults typically being stronger than old 
adults, old adults have shown to fatigue less during isometric tasks held to failure as well 
as incremental isometric contractions in both the upper and lower limbs (Hunter et al., 
2004; Hunter et al., 2008; Yoon et al., 2008a; Kent-Braun, 2009). When performing 
isometric fatiguing tasks in the knee extensor muscles, old adults fatigue less than young 
adults (Callahan et al., 2009). Further, when matched for strength, old adults have shown 
to fatigue less when compared to young adults during both submaximal and maximal 
isometric tasks in the upper limb muscles (Hunter et al., 2004, 2005; Kent-Braun, 2009). 
However, the recovery of maximal force after fatiguing isometric contractions has shown 
to be less than optimal in old adults and was evidenced by greater reductions in voluntary 
activation than young adults (Hunter et al., 2008). This indicates that central fatigue 
recovers less quickly in old adults than young adults (Hunter et al., 2008; Yoon et al., 
2008b).  
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As noted earlier, with aging there is a fast to slow type muscle fiber shift of the 
whole muscle profile, and a slowing of whole muscle contractile properties with less 
reliance on glycolytic metabolism and more on oxidative metabolism in old adults 
compared to young adults (Hunter et al., 1999; Callahan et al., 2016). These age-related 
changes could potentially lead to old adults exhibiting a greater fatigue resistance during 
isometric contractions. However, this fatigue resistance may change after a certain age, 
with evidence showing very old adults (75-90 years) demonstrating greater fatigability 
than older adults less than ~75 years (60-75 years) when performing lower limb isometric 
and dynamic contractions (McNeil & Rice, 2007; Justice et al., 2014). The differences in 
fatigability between young and old adults are evident, however it is also important to note 
the differences between men and women when performing exercise, as physiological 
differences exist both during isometric and dynamic tasks.    
Sex Differences in Fatigability         
 Physiological and anatomical differences between men and women exist; for 
example, in the lower limb the skeletal muscles of men are typically larger and possess a 
greater proportion of type II fast fibers when compared to women (Simoneau & 
Bouchard, 1989; Staron et al., 2000; Hunter, 2016a) which is probably due to the sex-
related differences in skeletal muscle gene expression (Welle et al., 2008). Figure 1.3 
shows the sex differences in type I fiber area for the lower limb muscles in young men 
and women (Hunter, 2016a). As shown, women possess a greater proportion of type I 
slow fibers as compared to men. This sex-based difference could alter the rate and 
magnitude of fatigue that develops both within the central nervous system and also within 
the muscle for women compared with men (Hunter, 2016a). It is well documented that in 
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multiple muscle groups such as the elbow flexors and knee extensors that women fatigue 
less than men during isometric sustained and intermittent fatiguing contractions when 
performed at the same relative intensity (Hunter & Enoka, 2001; Hunter et al., 2002; 
Hunter et al., 2009). 
 
 
 
 
 
 
Figure 1.3. Type I muscle fiber area as a percent area of the sample, with the x-axis 
displaying the different muscle groups of the lower limbs along with one upper limb 
study. All studies had a mean age of 21-26 years (VL, vastus lateralis; TA, tibialis 
anterior; LG, lateral gastrocnemius; BB, biceps brachii) (Hunter 2016a). 
However, the magnitude of the sex difference depends on the muscle group and 
the intensity of contraction for isometric tasks (Hunter, 2016a). For example, when 
performed at the same relatively low intensity (20% of MVC), the knee extensors have 
shown sex differences in fatigability during sustained isometric contractions, however no 
differences were seen at higher intensities (50-80% of MVC) (Maughan et al., 1986). 
Further, when performing sustained isometric contractions of the elbow flexor and 
dorsiflexor muscles with a relatively high intensity (50% of MVC), women were 
significantly more resistant to fatigue than men for the elbow flexors, but that this did not 
occur with the dorsiflexors (Avin et al., 2010). There seems to be sex differences in both 
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the upper (Yoon et al., 2007) and lower (Maughan et al., 1986) limbs at relatively lower 
intensities, however the differences between men and women diminish at high intensities, 
suggesting the importance of task specificity (Hunter, 2017). Possible physiological 
reasons for this sex difference during isometric tasks include the differentiation of the 
amount of type I muscle fibers as shown in Figure 1, the storage and usage of glycogen, 
and the ability to fully voluntarily activate the muscle (Hunter, 2009, 2014). However, 
less is known about the magnitude of the sex difference in fatigability for dynamic tasks 
and their involved mechanisms (Hunter, 2016b). During slow velocity contractions, 
women are less fatigable than men (Yoon et al., 2015), however, the sex differences 
appear to be less and even diminish when the contractions are done at a high velocity 
(Senefeld et al., 2013). The comparison of the sex differences for isometric contractions 
which can be quite large and that for dynamic contractions which are smaller with high 
velocity tasks, indicates that the sex difference in fatigability is specific to the task 
(Hunter, 2009, 2016a, b).  
Although the differences between men and women exist for young adults, 
whether the differences are maintained with aging is less known. Sex differences in 
fatigability for old adults is generally reduced (Hunter, 2009) but isn’t completely 
diminished (Christie et al., 2011). Recent studies have shown that during high velocity 
dynamic contractions, fatigability (i.e. reduction in power) increased across three 
different age groups (young, old, very old) but that there were no sex differences in 
fatigability among any of the groups (Sundberg et al., 2018). More human studies are 
needed to help further understand the sex differences with advancing age both during 
isometric and dynamic tasks.  
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 Fatiguing Contractions During Strength Training 
  Given the larger age-related changes in the neuromuscular system can affect 
older adult’s quality of life, it is important to understand the mechanisms for the larger 
fatigability that occurs with aging and the different types of physical activity that may 
offset those age-related changes. As indicated earlier, one strategy to help offset these 
changes is with strength training. With aging, the decrease in muscle mass is usually 
accompanied by an equal, or sometimes greater decrease in strength and power (Hunter et 
al., 2016a), particularly in the knee extensor muscles (Frontera et al., 2000; Hunter et al., 
2000), further stressing the importance of strength training for this muscle group. 
Strength training has been shown to have many positive benefits in offsetting strength 
declines in the older adult population (Reid & Fielding, 2012).  
 Fatiguing contractions are the basis of strength training and lead to 
neuromuscular adaptations (Rooney et al., 1994). For example, greater increases in both 
isometric and dynamic strength were reported in young adults (18-35 years) after 
performing 6 weeks of exercise with little to no rest between exercises, compared to 
longer breaks during exercise (Rooney et al., 1994). Strength training has many 
beneficial implications for older adults including increasing muscle strength and muscle 
size in terms of cross sectional area (Frontera et al., 1988; Fiatarone et al., 1990), which 
can counteract the age-related impairments (Aagaard et al., 2010), and also positively 
impact older adult’s quality of life.  
Various types of strength training (duration, intensity) have been employed to 
optimize improvement in older adults, however, the literature differs as to what is the best 
type of resistance training that will be most beneficial for the older adult population. One 
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effective and common method of resistance training is to employ high intensity training 
between 80% and 90% of the participants one repetition maximum (Atha, 1981; Whaley 
et al., 2006). Previous research has shown increases in muscle strength and functional 
performance of the quadriceps muscles in older adults resulting from this high intensity 
training with programs ranging from 12-weeks to 6 months of training (Fiatarone et al., 
1990; Hunter et al., 1999; Vincent et al., 2002; Kalapotharakos et al., 2005).  
Although high intensity training is beneficial to offset age-related declines of 
strength and power in old adults, this high intensity and the associated loads can lead to 
pain and discomfort, especially at the knee joint of older adults. Knee osteoarthritis, a 
common musculoskeletal disorder, increases with age and can lead to increased joint 
stiffness, knee joint pain and decreased force generating capability (Felson et al., 1987). 
Recent training methods have been introduced, more specifically low intensity (slow) 
training which could potentially induce similar neuromuscular adaptations as high 
intensity training while also creating less stress on the knee joint and therefore less pain 
for old adults.  
Recent research has demonstrated that low intensity strength training can produce 
increases in strength and neuromuscular adaptations, possibly similar to those of 
traditional (high intensity) strength programs. For example, neuromuscular adaptations 
were compared in the knee extensor muscles in young men who performed unilateral 
limb training over ten weeks of training (three x per week) with two types of training that 
differed in intensity (Mitchell et al., 2012). In each session, one leg performed low 
intensity knee extensions at 30% of participants 1 repetition maximum (1RM) until 
failure while the other limb performed high intensity training at 80% 1RM. After training 
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for ten weeks, the limbs had similar increases in muscle volume of the vastus lateralis as 
well as similar increases in knee extension torque (Mitchell et al., 2012). To determine 
the effect of time of contraction phase during the lower intensity loads in young men, low 
intensity resistance training (30% of MVIC), which employed 6 seconds of a concentric 
phase (lifting of the weight)- and a 6 second eccentric phase (lowering of the weight) was 
compared to the same intensity of training (30% MVIC) that was matched for work but 
with a 1 second concentric phase and a 1 second eccentric phase (Burd et al., 2012). This 
study reported that the low intensity resistance with the greatest time under tension (6 
seconds for the lifting and lowering phase) showed greater increases in myofibrillar, 
mitochondrial, and sarcoplasmic protein synthesis rates from 6 to 24 hours post exercise 
when compared with the control condition of 1 second in each phase (Burd et al., 2012). 
While only young men were tested, these studies show the large potential adaptations in 
the neuromuscular system that can occur during low resistance training with slower 
contractions that increase the muscles time under tension. However, the effects of such 
training on older adults and in women are not known. 
These adaptations to training are based on the fatiguing contractions held to 
failure that occur three times in one session. In a single submaximal fatiguing contraction 
held to failure,  motor units of the active muscles that are recruited will fatigue and 
produce less force, thus requiring additional motor units to help sustain the force 
generation that the task requires (Fuglevand et al., 1993).  If the contraction is sustained 
for a longer period of time, near maximal motor unit requirement should be needed to 
complete the given task (Fuglevand et al., 1993). Whether activation is maximal however 
at the end of these different types of dynamic contractions described above for the low 
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load/slower contractions compared with high load and faster contractions is not clear. 
Furthermore, whether the cause for task failure is similar or differs for these different 
types of contractions is not clear in either young or older men and women.  
Different fatiguing tasks lead to different adjustments along the neuromuscular 
system, resulting in different magnitudes of fatigue in the muscle and the central nervous 
system (Hunter, 2017). For example, during muscular contractions, metabolite build up 
can occur and impair muscle function and ultimately force production (Allen et al., 
2008). During muscle contraction, inorganic phosphate (Pi) is released from the 
breakdown of creatine phosphate (CrP) and can potentially inhibit force production by 
disrupting the cross-bridge function of actin and myosin (Allen et al., 2008; Allen & 
Trajanovska, 2012). A buildup of metabolites can potentially lead to larger activation of 
group III and IV afferents that then produces greater reductions in voluntary activation 
(Taylor et al., 2016). With longer time under tension for muscle during the slower and 
longer sustained contraction (30% MVIC i.e. 12 sec. contraction), the metabolite build-up 
could differ because of the lack of blood flow that occurs with sustained contractions, 
thus influencing the muscular mechanisms and voluntary activation compared with 
briefer contractions even at high intensity (Taylor et al., 2016). This thesis therefore 
examined the contribution of the neural and muscular mechanisms of fatigue for a low 
load, low velocity (6 lifting and 6 second lowering phase) single session and that of a 
traditional high load, high velocity protocol (~1 second lifting and ~1 second lowering) in 
young and old men and women. The protocols were matched for the number of 
contractions in each session. Throughout the rest of the paper, the protocols will be 
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referred to as low load and high load protocol (LLP and HLP). Each protocol however 
was done at different velocities which will be explained.  
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Specific Aims and Hypotheses 
The primary aims of this study were to: 
 Specific Aim 1: To compare the fatigability of two types of fatiguing contractions 
(high-load high velocity protocol (HLP) versus a low-load, low velocity protocol (LLP)) 
in young and old men and women.  
 Specific Aim 2: To determine contribution of the neural (central) and muscular 
(peripheral) mechanisms to fatigability elicited by the HLP and the LLP in young and old 
men and women. 
The hypothesis associated with each of the aims are as follows: 
 Hypothesis 1a (Fatiguing Protocols): Both young and old adults will exhibit 
greater fatigability of the knee extensor muscles (reduction in maximal isometric force) 
after the LLP than the HLP. 
Hypothesis 1b (Aging): Old adults will be more fatigable during the HLP 
compared with the young adults, but less fatigable during the LLP. 
 Hypothesis 1c (Sex Differences): The young and old men will exhibit greater 
fatigability of the knee extensors than the young and old women during the LLP, with no 
sex difference for the HLP. 
Hypothesis 2 (Mechanisms): Both central and peripheral mechanisms will 
contribute to loss of maximal force after both fatiguing contractions, however the greater 
fatigability will occur primarily due to changes within the muscle. Central mechanisms 
will be evidenced by reductions in voluntary activation and peripheral mechanisms by 
reductions in contractile properties of the muscle.    
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CHAPTER II. METHODS 
Participants and Ethical Approval 
Twenty young adults (19-24 years, 22.2 ± 1.3 years, 10 men and 10 women) and 
twenty old adults (64-85 years, 73.8 ± 5.4 years, 10 men and 10 women) participated in 
the study. All participants were healthy, community going men and women free of any 
known neurological, musculoskeletal, or cardiovascular diseases that could cause 
contraindications to exercise. Participants were excluded for previous surgeries, 
specifically at the knee joint, and current medications that could hinder their performance 
during the experiment. Prior to the first testing session, each participant provided written 
informed consent along with filling out health and physical activity questionnaires. The 
protocol (HR-2945) was approved by the Marquette University Institutional Review 
Board and was conducted according to the Declaration of Helsinki.  
Each participant visited the laboratory for two testing sessions which were 2-3 
hours in duration each. The first session included familiarization to the stimulation 
techniques (single pulse electrical stimulations of the femoral nerve, double pulse 
electrical stimulations with pad electrodes over the quadriceps muscle), measurements of 
maximal strength using 1 repetition maximum testing (1RM), and familiarization of the 
two fatiguing exercise tasks that were to be performed in session two.  
The second session involved measurements of baseline maximal voluntary 
isometric contractions (MVIC), voluntary activation, contractile properties, and the 
muscle compound action potential (M-wave) at rest on each leg. This was followed by 
the four sets of two fatiguing exercise tasks randomized to each leg. On one leg the 
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fatiguing exercise involved four sets of eight dynamic contractions at 80% of 1RM with a 
1 second concentric phase (lifting phase) and a 1 second eccentric (lowering phase) 
(HLP) and the other four sets of contractions at 30% of 1 RM with a 6-second concentric 
phase (lifting phase) and a 6-second eccentric phase (lowering phase) (LLP). An MVIC 
and measurements of voluntary activation and contractile properties were made 
immediately following each fatiguing exercise and then at 5 minutes recovery to assess 
the mechanisms of fatigability. 
Experimental Set Up 
The fatiguing exercise and measurements of knee extensor force, position, velocity and 
power before and during the fatiguing exercise were performed with each participant 
seated upright in a leg extension machine (Hammer Strength Leg Devices, Rosemont, 
IL). See Figure 2.1.  
 
 
 
 
 
 
 
Figure 2.1. Experimental set up and participant positioning for the testing of the knee 
extensor muscles during the two exercise training protocols.  
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Dynamic contractions: During dynamic contractions, the knee was first flexed to 90° in 
the sagittal plane with the lower portion of the leg (just above malleoli) resting against a 
padded horizontal bar that was attached to the knee extension device. 
The axis of rotation of the leg extension device (Hammer Strength Leg Devices, 
Rosemont, IL) was aligned to the anatomical axis of the knee (tibio-femoral joint) of each 
participant. Participants were then secured to the seat by padded straps around both 
shoulders, one around the hips and one more on the upper portion of the active thigh to 
minimize unnecessary movements during the contractions. To ensure that all measured 
forces were primarily generated by the knee extensor muscles, participants were 
prohibited from holding any part of the leg extension device with their hands. All 
isometric contractions that occurred were done in the 90° position. Recordings of 
maximal strength, velocity and power were measured using a string pot potentiometer 
(SP1-50, Measurement Specialties, Berwyn, PA) and were digitized by a Power 1401 
analog-to-digital converter and Spike 2 software (Cambridge Electronics Design, 
Cambridge, UK) which was digitized at 1000 Hz.  
Isometric Contraction Forces: MVIC force of the knee extensor muscles was 
measured before and after bouts of the dynamic fatiguing exercise while seated in a leg 
extension machine with a custom-made device attached to a linear force transducer 
(Interface Force Measurement Solutions, Scottsdale, AZ) and secured to the knee 
extension machine under the seat of the participants. Posterior to the (just above the 
malleolus) limb was a padded strap secured with Velcro straps. The padded strap was 
attached to a metal plate and rod that threaded into the force transducer. The force 
transducer was then threaded on the opposite side to the metal channel system. The force 
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transducer could move horizontally via the metal channel system and was secured with 
white washdown clamping shaft collars to limit excess movement of the force transducer. 
This custom-made device allowed movement in the medial-lateral direction as well as the 
vertical up and down direction to accommodate varying leg lengths as well as shifting to 
the right and left leg for all isometric tasks. See Figure 2.2 for enhanced diagram.  
 
 
 
 
 
 
Figure 2.2. Designed Force Apparatus with novel metal channel system employed to 
allow movement in all four directions. White washdown shaft collars were placed around 
the transducer to avoid movement of the force transducer and ankle strap. 
During the dynamic contractions, a LED feedback array device (Sundberg & Bundle, 
2015) was placed ~1 meter in front of the participant. The feedback device displayed 2 
vertical arrays of 14 LED red lights; the right-hand set of lights were calibrated and 
implemented as visual aid for the training protocols. The left-hand set of LED lights were 
connected to a string pot potentiometer (SP1-50, Measurement Specialties, Berwyn, PA) 
which provided real time feedback of the participants’ displacement throughout the 
training protocols.   
26 
Electrical Recordings 
  Electromyography (EMG) signals were recorded with three surface electrodes 
using a wireless EMG system (DELSYS Inc, Natick, MA) that were placed over the 
vastus medialis, vastus lateralis, and rectus femoris muscles according to the 
recommended placements. (SENIAM, Enschede, Netherlands). For the vastus lateralis, 
the electrode was placed 2/3 from the anterior superior iliac spine and to the lateral side 
of the patella. The vastus medialis electrode was placed at 80% between the anterior 
superior iliac spine and the joint space in front of the anterior border of the medial 
ligament. The rectus femoris electrode was placed at half the distance from the anterior 
superior iliac spine to the superior part of the patella. The EMG signals were amplified 
(100x) and band pass filtered (10-850Hz) (DELSYS Inc, Natick, MA), and digitized at 
2000 Hz via a Power 1401 analog to digital converter and the Spike 2 software 
(Cambridge Electronics Design, Cambridge, UK).  
Stimulations 
Femoral Nerve Stimulation. The femoral nerve was stimulated with the cathode 
electrode placed over the inguinal triangle and the anode electrode placed over the greater 
trochanter. The nerve was electrically stimulated to produce a maximal EMG response 
known as the compound muscle action potential (M-wave: Mmax) of the vastus lateralis 
(VL), vastus medialis (VM), and rectus femoris (RF) muscles at rest. Single pulse stimuli 
(400V, 200 µs duration) were delivered to the femoral nerve using a constant current 
stimulator (DS7AH, Digitimer, Hertfordshire, UK). The stimulus intensity was increased 
incrementally from 50 mA by 50-100 mA until both the resting twitch amplitude and the 
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peak-to-peak M-wave amplitude achieved a plateau. The intensity was then increased a 
further 20% (supramaximal) to ensure a maximal electrical response was achieved.  
  Quadriceps Muscle Stimulation. The quadriceps femoris muscles were directly 
stimulated to produce a maximal twitch of the knee extensor muscles. The paired stimuli 
(400V, 200 µs duration) were delivered using a constant current stimulator (DS7AH, 
Digitimer, Hertfordshire, UK). Custom pad electrodes (2.5 x 3 cm) were placed on the 
skin overlying the quadriceps muscles. The cathode was placed proximal to the patella on 
the distal portion of the quadriceps muscle, located ~3-5 cm from the superior portion of 
the patella. The anode was placed on the quadriceps muscle belly, ~7-10 cm from the 
superior portion of the patella. The intensity of stimulation was determined by increasing 
the current until a plateau in the twitch force from a single pulse stimulation was 
achieved. The intensity was then further increased 20% (supramaximal) to ensure a 
maximal force response. The optimal intensity achieved for the single pulse stimulations 
was used for doublet stimulations for the quadriceps muscle. Stimulations over the 
muscle were used in all measures of voluntary activation using the interpolated twitch 
technique before and after training. 
 
Experimental Protocol 
Each participant visited the laboratory for two experimental sessions. See Figure 
2.3 for the experimental protocol. 
 
 
28 
Figure 2.3. Schematic diagram of experimental protocol. Electrical stimulation was 
delivered, followed by baseline MVIC’s to determine voluntary activation (VA). 
Fatiguing dynamic exercise was performed on one leg per training protocol (either the 
LLP or HLP). An MVIC with an electrical stimulation to measure VA was performed 
immediately after each set of 8 contractions followed by three minutes of rest.  The set of 
8 dynamic contractions followed by the measures MVIC with VA were repeated three 
more times. Four sets of recovery measures were performed at 30 seconds, 1 minute, 2 
minutes, and 5 minutes post exercise. 
 
Session 1: 
 The first session involved assessment of one repetition maximum testing (1RM) 
strength of the right and left leg, followed by familiarization to the stimulations of the 
femoral nerve and the quadriceps muscles and measurement of participants MVIC. This 
was followed by a familiarization of the two protocols, which included the HLP and the 
LLP. 
 
MVIC 
(x3) 
MVIC 
+ VA 
(x4) 
Baseline Fatiguing Task (x4) 
VA  
Recovery 
VA 
(x4)  
: Quadriceps muscle stimulation (Double pulse)     : Femoral nerve stimulation (single pulse) 
MVIC: Maximum Voluntary Isometric Contraction  
VA: Voluntary Activation   : One dynamic contraction 
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Session 2: 
The second session involved measurements at baseline and at five minutes of 
recovery after performance of fatiguing exercise on each leg. 
Baseline measurements: Baseline MVIC’s (3-5) were performed with 2 minutes 
of rest in between each and MVIC attempts continued until the two highest values were 
within 5% of each other. Baseline measures of voluntary activation (4) were given before 
the protocols were performed. The median of the 4 pre-measures was used for analysis. 
Contractile properties elicited from femoral nerve stimulation were collected immediately 
after an MVIC trial while contractile properties of the quadriceps muscle stimulation 
were collected after the baseline voluntary activation trials. For each subject, the legs 
were randomized into the two exercise training protocols as well as counterbalanced to 
ensure no major differences could exist between the load used during training.  
Training Protocol Dynamic Contractions: Each participant performed 4 sets of 8 
repetitions of the two different protocols, with one protocol randomized to each leg. The 
two tasks were the HLP (80% 1RM) and the LLP (30% 1RM, 6 sec concentric and 6 sec 
eccentric phase).  
The participants were presented visual feedback using the feedback array device 
described previously as well as a computer monitor for all maximal isometric 
contractions performed immediately before and after each set. For both protocols, full 
range of motion was achieved when all 14 LED lights were illuminated on the left-hand 
column of lights. The array was calibrated to 65° range of motion (0 lights - 0° to 14 
lights - 65°). Each participant was provided with strong verbal encouragement throughout 
the fatiguing exercise. The exercise training protocols were as follows.  
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1. HLP-participants were instructed to kick out for 8 repetitions as hard and as 
fast as they could (1 second concentric, 1 second eccentric) (65). Visual 
feedback was provided by the feedback array device.  
2. LLP- participants were instructed to trace and follow the LED lights that were 
on a 12 second cadence (6 seconds up and down) as best as they could for 8 
repetitions.  
Recovery: Immediately following each set of exercise and during 5 minutes of 
recovery, MVIC, voluntary activation and contractile properties were assessed to 
determine the mechanisms of fatigability.  
1 Repetition Maximum Testing. 1 repetition maximum testing was modified from 
previously established guidelines (NSCA, 2008) and performed during session 1 to 
determine maximum strength for both legs. The 1 RM was quantified as the greatest 
weight (kg) achieved through the full range of motion (65°) on one occasion and not able 
to be immediately repeated. The protocol intensity values for participants were then 
calculated for the HLP (80% 1RM) and LLP (30% 1RM) protocols. Participants warmed 
up by performing a five-minute bike ride on a cycle ergometer (Schwinn Bikes, 
Vancouver, WA), followed by performing light knee extensions seated in the leg device 
using a light load (~4.5 kg) until adequately warmed up. The weight started at a light 
intensity and increased from (2-9 kg) depending on the participants success and ease or 
difficulty of the previous load. Participants were given suitable rest for the lighter 
intensities (1min-1:30) and as the weight increased, subjects were given greater amount 
of rest (1-2:30 min). The repetition was considered achieved when participants achieved 
the full range of motion (65°) and all LED lights on the left-hand side of the feedback 
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array device were illuminated. Participants were given an extra attempt to achieve a load 
if they were one LED light away from completing the task, indicating near full range of 
motion achievement. Participants were strongly verbally encouraged during each one 
repetition attempt. After both legs were completed, participants were then introduced and 
performed one set of eight repetitions for the two types of contractions that would be 
completed in session 2. This was done to familiarize the participants with the protocols as 
well to ensure that the calculated loads for each protocol were sufficient for participants 
to achieve the full range of motion. If participants could not achieve the full range of 
motion during either task in session one, the weight was slightly reduced to ensure full 
range of motion. 
Voluntary Activation. Voluntary activation was assessed before, during, and after 
the exercise tasks. Voluntary activation was assessed during MVIC’s of the knee extensor 
muscles by use of the interpolated twitch technique.  Baseline measures (4) were 
performed before the training protocols. Voluntary activation measures were also taken 
immediately (~10s) after each set of training to assess mechanisms of fatigue. Following 
the final set of contractions for one leg of exercise, maximal contractions with 
stimulations measures were taken immediately, 30 seconds, 1 minute, 2 minutes, and 5 
minutes into recovery. Each participant was provided with strong verbal encouragement 
throughout the isometric MVIC’s. 
Contractile Properties:  
Contractile properties were assessed during double pulse stimulations of the 
quadriceps muscle in the baseline measures, post each set of eight contractions, and post 
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protocols (recovery) to assess changes before, during, and after the two fatiguing 
protocols.  
Data Analysis 
 Isometric Measures. The maximal voluntary isometric force and the related RMS 
EMG of the quadriceps muscles were digitized at 1000 Hz with a Power 1401 analog to 
digital converter and stored online using Spike 2 software (Cambridge Electronics 
Design, Cambridge, UK). The MVIC force was measured as a 0.5 second period during 
the highest plateau of the MVIC. The baseline MVIC value for each participant was the 
median MVIC from the four sets of voluntary activation/interpolated twitch technique 
that were performed prior to the dynamic fatiguing contractions. The primary outcome 
measure of fatigability was the change in MVIC force from baseline measures to the 
MVICs measured after each set of fatiguing exercise and recovery.  
 Voluntary Activation. Voluntary activation was quantified from each baseline 
measure (4) as well as after each set of fatiguing exercise using the interpolated twitch 
technique (Merton, 1954). The voluntary activation formula used was: 
   Voluntary Activation (%) = (1- SIT/RT) * 100  
where the SIT is the amplitude of the superimposed twitch force elicited by the muscle 
quadriceps stimulation during the MVIC and the RT was the twitch elicited after the 
MVIC was complete. This formula has been used widely and assess the completeness of 
skeletal muscle activation during voluntary contractions (Allen et al. 1998; Bellemare & 
Bigland Ritchie 1984). The reported baseline voluntary activation for each participant 
was the median from the 4 MVIC’s each participant performed at before exercise. To 
compare the changes in voluntary activation between the young and old adults, voluntary 
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activation levels immediately following each set of fatiguing exercise were compared to 
their individual baseline values.  Further, the highest MVIC during the 4 baseline 
voluntary activation measures was used when normalizing EMG. The reduction in 
voluntary activation was considered the primary index of central fatigue. 
M-Wave Properties. M-wave properties were obtained from electrical stimulation 
of the femoral nerve prior to the protocol and after the fourth set of exercise. The 
properties that were measured pre-and post were the M-wave area (mVms) or area under 
curve, M-wave duration (ms), and peak to peak amplitude (mV), which is the highest 
amplitude of both peaks of the m-wave.  
Contractile Properties. Contractile Properties taken from the stimulations on the 
nerve and the muscle were measured both pre-and post-protocols. The baseline values for 
each participant was the median obtained from the 4 sets of voluntary activation prior to 
the dynamic fatiguing contractions. Other contractile properties that were assessed were 
contraction time (ms) which was the time from the first stimulus to the peak of the twitch, 
the rate of force development (N/s), half relaxation time (ms) and peak rates of relaxation 
(N/s).  
Statistical Analysis. Data are reported as mean ± SD in the text as well as the 
tables and displayed as mean ± SE in the figures. Individual two-way univariate analyses 
of variance (ANOVAs) with two between subject factors (age: young vs. old; sex: men 
vs. women) were used to compare the following variables across groups 1) physical 
characteristics (height, weight, physical activity), 2) voluntary knee extensor muscle 
characteristics (MVIC), 3) knee extensor contractile properties (twitch amplitude (muscle 
and nerve stimulation), rate of force development, half-relaxation time, contraction time), 
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4) voluntary activation and EMG amplitudes for all three muscle groups tested (vastus 
lateralis, vastus medialis, rectus femoris). To determine the time effect of fatigue, 
absolute measures and relative measures were compared between the exercise sets using 
three way (age: young vs. old, sex: men vs. women, training type: HLP vs. LLP) 
repeated-measures ANOVA’s. Post hoc analysis (multivariate analysis) were used to test 
for differences between fatiguing sets when significant main effects of time were 
identified, with corrected P-values for multiple comparisons (P < 0.05). Pearson 
correlation analyses were used to determine associations between fatigability (reduction 
in MVIC force), electrically-evoked contractile function (amplitude, contraction time, 
and half-relaxation time), and activation of the knee extensors (voluntary activation and 
neuromuscular junction propagation).  Significance was determined at P < 0.05 and all 
the analysis was performed with the SPSS Statistics software (version 24; SPSS, Inc., 
Chicago, IL).  
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CHAPTER III. RESULTS 
Baseline Anthropometrics 
Table 3.1 provides the baseline data of variables for both protocols in young and 
old men and women. The variables included physical characteristics (height, weight), 
physical activity (assessed with the PAQ questionnaire (Kriska et al., 1990)), strength 
(MVIC), voluntary activation, contractile twitch properties from the muscle stimulation, 
and M-Wave amplitudes for the quadriceps muscles. Table 3.2 provides the 1 repetition 
maximum load achieved by participants for both legs along with the load used for both 
protocols.  
Relative to older adults, young adults were taller (P < 0.05) and more active (P < 
0.05). However, there were no age-related differences in weight (P = 0.534). Compared 
to women, men were taller (P < 0.05) and had greater mass (P < 0.05) with no differences 
between men and women for physical activity (P = 0.467). Baseline muscle function was 
not different between training protocols (HLP and LLP) including MVIC, voluntary 
activation, electrically-evoked contractile properties, and M-wave properties. Therefore, 
the baseline for all participants were combined across training protocols. See Table 3.1.  
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Table 3.1. Anthropometrics and baseline knee extensor muscle function of young and old 
men and women. Data is shown as means (± SD). MVIC, maximal voluntary isometric 
contraction; RFD, rate of force development; m-stim, muscle stimulation (double pulse). 
VL, vastus lateralis; VM, vastus medialis; RF, rectus femoris. 
   
Table 3.2. One Repetition maximum weight and the load used during the sessions. 
Data is shown as means (± SD). 1 RM, 1 repetition maximum. HLP, high load high 
velocity; LLP, low load-low velocity.  
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MVIC Force 
 Baseline:  Baseline MVIC knee extensor force was lower in old adults than in 
young adults (P < 0.001), and lower in women than in men (P < 0.001) (Table 3.1). By 
design, however, the baseline MVIC force did not differ between the two protocols (P = 
0.618).  
Fatigue: The MVIC force immediately following each set of exercise (Set 1 to Set 
4) progressively decreased across all four sets for both the HLP and the LLP types (P < 
0.001). However, the relative decrease in MVIC force was greater in the LLP compared 
with the HLP (P = 0.003; Figure 3.4), with no effect of age (P = 0.208), sex (P = 0.774), 
nor any interactions (P > 0.05). Posthoc analysis revealed that the relative decrease in 
MVIC force was greater in the LLP compared with HLP following sets 1, (P = 0.044) 2, 
(P = 0.004) 3, (P = 0.009) and 4 (P = 0.003) (Fig. 3.4).   
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Figure 3.4. MVIC reductions following the two training protocols. MVIC following each 
set of training (% Baseline) (sex and age combined) showed a significant difference in 
MVIC reduction between the LLP compared to the HLP (P = 0.003) while also showing 
differences between all four fatiguing exercise sets (LLP; P = 0.044, 0.004, 0.009, and 
0.003). The rate of recovery was more rapid in the young compared to the old adults (P = 
0.005) during both protocols at 5 minutes recovery. Further, the MVIC did not return to 
baseline values for both protocols. Recovery measures were obtained 30 seconds, 1 
minute, 2 minutes, and 5 minutes following the 4th set of exercise. (* indicates 
significance between sets 1 to 4, where P < 0.05; LLP, low load protocol; HLP, high load 
protocol). 
Recovery: There was a progressive increase in MVIC force during recovery 
measures for the LLP (P < 0.05) which were observed at 5 minutes of recovery (P = 
0.038) but not during 1 (P = 0.828) or 2 minutes (P = 0.167) of recovery. There was also 
an increase in recovery during the HLP (P < 0.05) at 5 minutes (P = 0.031) but not at 1 (P 
= 0.954) or 2 minutes (P = 0.934) of recovery. The relative recovery in MVIC force did 
not differ between the HLP and LLP (P = 0.192), young and old adults (P = 0.567), or 
Fatigue Recovery * 
* * 
* 
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between men and women (P = 0.934). The rate of recovery of MVIC force however, was 
more rapid in the young compared with the old adults when both protocols were 
combined (time x age interaction, P = 0.005), however no other interactions were 
observed. The MVIC force did not return to baseline by the 5-minute recovery time point 
in either the LLP or HLP (P < 0.001).  
   
 
 
 
Figure 3.5. MVIC reductions following the LLP in young and old adults. MVIC 
following each set of the LLP (% Baseline) were similar between the age groups (sex 
combined). During recovery, young adults had a more rapid recovery at 5 minutes as 
compared to the old adults (P = 0.005) Recovery measures were obtained 30 seconds, 1 
minute, 2 minutes, and 5 minutes following the 4th set of exercise. (LLP, low load 
protocol).  
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Figure 3.6. MVIC reductions following the HLP in young and old adults. MVIC 
following each set of the HLP (% Baseline) were similar between the age groups (sex 
combined). During recovery, young adults had a more rapid recovery at 5 minutes as 
compared to the old adults (P = 0.005) Recovery measures were obtained 30 seconds, 1 
minute, 2 minutes, and 5 minutes following the 4th set of exercise (HLP, high load 
protocol). 
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Voluntary Activation 
Baseline: Baseline voluntary activation of the knee extensor muscles was not 
different between young and old adults (P = 0.692) or between men and women (P = 
0.187). Further, there were no differences in voluntary activation between the two 
protocols (P = 0.641) (Table 3.1).  
Fatigue: The voluntary activation immediately following each set of exercise (Set 
1 to Set 4) progressively decreased for the LLP (P < 0.05), and this decrease was due to 
significant reductions seen after set 2 (P = 0.047) and set 4 (P = 0.02). The HLP showed 
no significant decreases across the four fatiguing exercise sets (P = 0.205) (Figure 3.7). 
The reduction in voluntary activation was not different between the protocols (P = 0.329), 
young and old adults (P = 0.917) or men and women (P = 0.113) nor were there any other 
interactions (P > 0.05).   
Recovery: There was a progressive increase in voluntary activation for the LLP 
and HLP (P < 0.05), which was due to the difference in time point of 5 minutes of 
recovery for the LLP (P = 0.008) and HLP (P = 0.033) but not during the other recovery 
time points (P > 0.05). The recovery in voluntary activation was not different between 
protocols (P = 0.229), men and women (P = 0.222), or between young and old adults (P = 
0.456) nor were there any other interactions (P > 0.05). Further, voluntary activation did 
not recover to baseline by the 5-minute recovery time point in either the LLP or HLP (P < 
0.05) (Fig. 3.7).  
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Figure 3.7. Voluntary Activation reductions following the HLP and LLP. Voluntary 
activation progressively reduced for the LLP during sets 2 (P = 0.047) and 4 (P = 0.02), 
however the HLP showed no progressive reductions (P = 0.205). At 5 min of recovery, 
the LLP (P = 0.008) and HLP (P = 0.033) progressively increased (sex and age 
combined). During recovery, there was a continued progressive increase, however, 
voluntary activation did not recover to baseline at 5 minutes (P < 0.05) Recovery 
measures were obtained 30 seconds, 1 minute, 2 minutes, and 5 minutes following the 4th 
set of exercise.  
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Contractile Properties 
Muscle Twitch- Amplitude 
Baseline: Twitch amplitude was lower in old compared with young adults (P < 
0.05) and in women compared with men (P < 0.05). However, the baseline twitch 
amplitude did not differ between the two protocols (P = 0.929) (Table 3.1).  
Fatigue: The twitch amplitude at the quadriceps muscle immediately following 
each set of exercise progressively declined across all four sets (Set 1 to Set 4) for the LLP 
(P < 0.001) which was due to changes at set 1 (P = .018), 2 (P = 0.001), 3 (P < 0.001), 
and 4 (P < 0.001). The twitch amplitude during the HLP progressively declined (P < 
0.001) and was significant during set 4 (P = 0.002) but not for sets 1-3 (P > 0.05) (Figure 
3.8). However, the relative reduction in twitch amplitude was not different between 
protocols (P = 0.057), age groups (P = 0.427) or sexes (P = 0.216), with no interactions 
(P > 0.05).  
Recovery: Twitch amplitude progressively decreased for the LLP (P < 0.001) 
which was due to the 5-minute recovery time point (P = 0.001) but not during the other 
recovery time points (P > 0.05). Twitch amplitude also progressively decreased during 
the HLP (P < 0.001) and was different at 2 minutes (P = 0.011) and 5 minutes (P < 0.001) 
of recovery. The relative recovery in twitch amplitude did not differ between protocols (P 
= 0.637), men and women (P = 0.330), or young and old adults (P = 0.759), nor were 
there any other interactions (P > 0.05) observed. Further, twitch amplitude did not 
recover to baseline by the 5-minute recovery time point in either the HLP or LLP (P < 
0.001) (Fig. 3.8). 
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Figure 3.8. Twitch amplitude reductions following the two training protocols. Twitch 
amplitude following each set of training (% Baseline) showed a progressive reduction 
across all four sets during both the LLP (P < 0.05) and during set 4 for the HLP (P = 
0.002). Recovery measures were at 30 seconds, 1 minute, 2 minutes, and 5 minutes after 
the 4th set of exercise. The LLP showed progressive decreases in recovery at 5 minutes (P 
= 0.001) while the HLP showed significant decreases at 2 minutes (P = 0.011) and 5 
minutes (P < 0.001) of recovery. (LLP, low load protocol; HLP, high load protocol). 
 Muscle Twitch- Contraction time 
 
Baseline: Baseline contraction times from the electrically evoked contraction 
were similar between young and old adults (P = 0.769) as well as between men and 
women (P = 0.890). Further, there were no differences between protocols (P = 0.308) 
(Table 3.1).  
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Fatigue: The contraction time immediately following each set of exercise (Set 1 
to Set 4) did not change during the LLP and the HLP (P > 0.05).  
Recovery: There were no differences during the recovery measures for the HLP 
and LLP (P > 0.05).  
Muscle Twitch- Rate of Force Development 
 Baseline: Baseline rate of force development (RFD) was lower in old compared to 
the young adults (P < 0.05) and in women than men (P < 0.05). However, no differences 
were seen between the two protocols (P = 0.689).  
 Fatigue: The rate of force development showed a progressive decrease for the 
LLP and was due to a significant change at set 4 when compared to baseline (P = 0.006) 
but not during the other 3 sets (P > 0.05). Further, there was no difference during the 
HLP exercise sets (P = 0.236). However, there was a significant time x protocol type 
interaction that was due to the relative decrease in the rate of force development in the 
LLP that was not observed in the HLP (time × protocol interaction, P = 0.004) (Figure 
3.9). There were no differences between men and women (P = 0.051), and young and old 
adults (P = 0.914), nor were there any other interactions (P > 0.05) in the RFD.  
Recovery: During recovery, there was a progressive change in the HLP which 
occurred at the 5-minute time point (P = 0.007) but not during the other time points of 
recovery (P > 0.05, Figure 3.9). There was no change during recovery for the LLP (P = 
0.412), and the relative changes were not different between protocols (P = 0.686), men 
and women (P = 0.545), or the young and old adults (P = 0.082). There were no other 
interactions (P > 0.05). 
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Figure 3.9. Rates of force development (RFD) reductions following the HLP and LLP. 
The RFD showed a progressive decline during the LLP which was observed after set 4 (P 
< 0.006) while no decrease was observed in the HLP across any of the sets (P = 0.236) 
(sex and age combined). There was a greater relative progressive decline (% Baseline) in 
the LLP (P = 0.004) compared to the HLP. Recovery measures were obtained 30 seconds, 
1 minute, 2 minutes, and 5 minutes after the 4th set of exercise. (RFD, rate of force 
development; LLP, low load protocol; HLP, high load protocol). 
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Muscle Twitch- Half Relaxation Time 
 Baseline: Baseline half relaxation time was greater in old compared to young 
adults (P < 0.05) as well in women compared to men (P < 0.05). There was however, no 
difference between the two protocols (P = 0.096).  
  
M-Wave Amplitude-Femoral Nerve Stimulation 
 
Baseline: Baseline M-wave amplitudes of the knee extensor muscles was lower in 
old compared to the young adults (P < 0.05,), and in women compared to men (P < 0.05) 
(Table 3.1). Further, there were no differences between protocols (P = 0.284). Due to all 
three muscle groups (VM, VL, RF) showing similar results, the VL was chosen for 
statistical representation.  
Fatigue:  The M-wave amplitude of the vastus lateralis immediately following the 
last set of exercise (Set 4) showed no changes in the LLP as well as the HLP (P = 0.848).  
RPE 
 
Baseline: All participants began with an RPE rating of 0 on a scale of 1 to 10.  
Fatigue: The RPE that was collected immediately after each set of knee extension 
exercise (Set 1 to Set 4) progressively increased for both the HLP and LLP (P < 0.001) 
types, however these changes were not different between the two protocols (P = 0.736), 
sexes (P = 0.082), or age groups (P = 0.500) with no other interactions (P > 0.05). 
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Associations 
  
Fatigability, assessed as the reduction in MVIC torque after the training protocol, was 
associated with the reduction in twitch amplitude after the training protocol for the LLP 
(r2 = 0.368, P < 0.001) but not the HLP (r = .293, r² = 0.086, P = 0.70). See Figure 3.11 
and 3.12. Furthermore, fatigability, assessed as the reduction in MVIC was associated 
with the reduction in voluntary activation after the training protocol for the LLP (r2 = 
0.2093, P < 0.05) but not the HLP (r² = 0.037, P = 0.239) (Figures 3.13 and 3.14).  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Associations between reductions in the MVIC and muscle twitch amplitude 
following the 4th set of the LLP. A significant association was found during the LLP 
training protocol (P < 0.001, r² = 0.368). 
r = 0.606 
P < 0.001 
      Young 
      Old 
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Figure 3.11. Associations between MVIC reductions and muscle twitch amplitude 
following the 4th set of the HLP. No significant association was observed for the HLP (P 
= 0.70, r² = 0.086).   
 
r = 0.293 
P = 0.70 
      Young 
      Old 
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Figure 3.12. Associations between MVIC reductions and voluntary activation following 
the 4th set of the LLP. A significant association was observed for the LLP (P < 0.05, r2 = 
0.2093). (X-axis negative numbers refer to declines in voluntary activation). 
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P < 0.05 
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Figure 3.13. Associations between MVIC reductions and voluntary activation following 
the 4th set of the HLP. No significant association was observed for the HLP (P = 0.239, r2 
= 0.037). (X-axis negative numbers refer to declines in voluntary activation). 
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CHAPTER IV. DISCUSSION 
 
This study determined whether there were age and sex related differences in 
fatigability of the knee extensor muscles and the underlying mechanisms during and in 
recovery from two different single session protocols, a high load/high velocity (HLP) 
protocol and a low load/low velocity (LLP) protocol. The novel findings of this study 
were that for the knee extensor muscles the LLP induced a greater reduction in maximal 
isometric force (i.e. greater fatigability) than the HLP (21% vs. 12% reduction), which 
was consistent for all groups including young and old men and women. For each group, 
there was a concomitant reduction in the electrically-evoked twitch amplitude that was 
greater for the LLP than the HLP (13% vs. 8% reduction), and associations between 
fatigability and the reduction in amplitude indicating contractile mechanisms were a 
primary contributor to fatigability. There was no observed reduction in M wave 
amplitude (Mmax) providing evidence that neuromuscular propagation did not contribute 
to the differences between protocols. There was also a modest reduction in voluntary 
activation for both protocols (5% in LLP vs. 2% reduction in HLP) with associations 
between fatigability and the reduction in voluntary activation for the LLP but not the 
HLP protocol. At five minutes of recovery, young adults had a more rapid recovery in 
MVIC force during both protocols when compared to old adults. Collectively, the greater 
fatigability during the LLP was primarily due to mechanisms impairing contractile 
function of the skeletal muscle, with a small contribution from the reduction in neural 
drive. There was however no age- or sex-related differences observed in fatigability 
immediately after the sets of exercise. Old adults however, had less rapid recovery of 
maximal force during recovery the five minutes of recovery for both men and women. 
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Aging however, had a significant effect on recovery with young men and women 
recovering more rapidly than the old adults. 
 
Training Type Differences 
Muscular Mechanisms of Fatigability  
A novel finding during this experiment was that the progressive reductions in 
MVIC force (i.e. fatigability) was greater for the LLP compared to the HLP. The primary 
mechanisms contributing to these differences between the protocols were contractile 
mechanisms evidenced by more pronounced changes in twitch amplitude with minimal 
reductions in voluntary activation for both protocols, indicating a smaller contribution 
from neural mechanisms than contractile mechanisms. Correlation analysis showed that 
the reduction in MVIC force was more strongly correlated with the reduction in the 
electrically evoked twitch amplitude.  This was specific to the LLP where the greatest 
reductions in MVIC force occurred. 
  Consistent with our findings are the findings from a previous study in young 
men that demonstrated greater adaptations after one session within the quadriceps 
muscles (myofibrillar, mitochondrial, and sarcoplasmic protein synthesis rates) after one 
session of slow velocity exercise (6 sec concentric and eccentric phase) that was similar 
to the one performed in this study, when compared to a control task which was a worked-
matched condition with fast contractions (1 second concentric and eccentric phase) (Burd 
et al., 2012). However, there have been no studies determining the magnitude of fatigue 
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exhibited after each protocol and whether there were neural mechanisms that may have 
contributed to any differences in fatigability.  
One proposed mechanism leading to greater fatigability during the LLP compared 
to HLP is the greater time under tension during the LLP which may lead to a greater 
metabolic build up within the milieu of the skeletal muscle. During muscle contraction, 
creatine phosphate and adenosine triphosphate (ATP) are immediate sources of energy. 
During the breakdown of creatine phosphate (CrP), inorganic phosphate (Pi) becomes a 
byproduct and during fatiguing contractions can cause a decrease of the sarcoplasmic 
reticulum calcium release, (Allen et al., 2008), so that an increase of Pi can be a major 
role in muscle fatigue (Westerblad et al., 2002). The accumulation of other metabolic 
products such as the hydrogen ion (H+) could also contribute to muscle fatigue buy 
inhibiting the cross bridge cycle, particularly the Ca2+ binding to troponin (Fitts, 2008). 
With a buildup of H+, a decline in the force per cross bridge may occur. During the LLP 
performed in this study, the quadriceps muscle experienced a longer time under tension 
(6x greater) as well as a greater total workload than the HLP. During a single repetition 
of the LLP, the muscle was contracting for 12 seconds, compared to the HLP which was 
~2 seconds of contraction. Despite a lighter load being lifted during LLP than the HLP 
(~30% vs 80% 1RM), a longer time under tension could potentially lead to an increased 
metabolite formation (e.g. Pi and H+) within the muscle, possibly inhibiting the cross-
bridge function, and ultimately causing greater fatigue within the muscle.  
Neural Mechanisms of Fatigability 
Although no statistical differences were observed between the two training 
protocols, the neural mechanisms of fatigue show there was still a progressive decline in 
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voluntary activation for both the LLP and the HLP indicating neural mechanisms 
contributed to the fatigability of the MVIC force after both protocols. Although the 
reduction in voluntary activation on average didn’t differ between the two protocols, 
there was significant association between the fatigability (reduction in MVIC) and the fall 
in the voluntary activation (neural fatigue). During a fatiguing contraction, changes occur 
along the neuromuscular pathway that affect not only descending drive to the muscle, but 
also afferent feedback, which can directly or indirectly result in central fatigue (Taylor et 
al., 2016). One component that could play a role in the inhibition of voluntary drive is the 
motor unit firing rate that changes with demanding exercise. During dynamic exercise, 
firing rates are typically difficult to study due to many technical challenges of providing 
reliable recordings, but some studies have shown that at both submaximal (Harwood et 
al., 2012) and near maximal (Cowling et al., 2016) fatiguing exercises in the upper limb 
muscles that motor unit firing rates decline, while further showing more substantial 
declines during high intensity exercise.  
Another potential component to the differences seen between the two protocols is 
the afferent feedback that occurs during exercise, in particular the group III and IV 
afferents which are better related to the changes in neural activity during exercise (Taylor 
et al., 2016). Group III afferents (termed mechanoreceptors) have a greater response to 
muscle contraction and stretching of the muscle, while group IV (termed 
metaboreceptors) afferents respond to changes in metabolites during exercise. The role of 
the group III and IV afferents has been noted when inducing ischemia after an exercise (2 
min biceps brachii contraction) task by trapping the metabolites within the muscle and 
inducing afferent firing. The outcome was that voluntary activation remained low during 
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recovery (~85%) (1 min, 2 min, 3 min) until the cuff was deflated, to where voluntary 
activation nearly recovered fully (~98%) (Gandevia et al., 1996). The decline in 
volitional drive to the muscle during could potentially be due to the increase in group III 
and IV afferent feedback. During the LLP, due to a greater time under tension (6x longer 
in LLP), a possibly larger buildup of metabolites occurred. We may have expected 
central fatigue to be larger for the LLP protocol compared with the HLP. Although there 
were no differences observed in the reduction in voluntary activation between the 
protocols, there were significant associations between the reduction in voluntary 
activation (central fatigue) and drop in MVIC force for the LLP but not the HLP. 
Fatigue with Aging During Training 
 Based on the task specific fatigability with aging (Hunter et al., 2016a) we 
expected that the old adults may have fatigued less than the young during the LLP but 
similarly during the HLP. With aging, there is a greater decline in the type II fast fibers 
with a better preservation of the type I slow fibers (Hunter et al., 1999; Trappe et al., 
2003). The type I fibers further have a more fatigue resistant profile than type II fibers 
(Hunter et al., 2017).  
The velocity of movement is a prime component when performing exercise and 
differences in velocity can also affect the magnitude of fatigue between young and old 
adults. When performing low to moderate velocity contractions, old adults fatigue to a 
similar level than young adults (Callahan et al., 2009), but changes during high velocity 
contractions occur with older adults fatiguing more than the young adults (Senefeld et al., 
2017; Sundberg et al., 2018). Studies have shown similar reductions in fatigue during 
higher velocity contractions, for example in the knee extensor muscles, old adults 
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fatigued to a similar level compared to young adults when performing maximal 
concentric contractions at a moderate fixed velocity (120°) (Callahan et al., 2009). 
Further, during 25 rapid contractions of the dorsiflexor muscles at a load of 20% MVIC, 
old adults (64 yrs.) fatigued to a similar level than young adults (26 yrs.), however, very 
old adults (84 yrs.) fatigued to a greater extent than the young adults, suggesting 
differences in older adult age groups and different magnitudes of fatigue (McNeil & Rice, 
2007). In the current study, the average age of adults was 74 for men and 72 years for 
women (Table 3.1). The similarities in fatigue seen during the HLP could potentially be 
explained by the age of the older adult population, which is supported by previous 
findings by McNeil and colleagues.  
Fatigue with Aging During Recovery 
During recovery, there were age related differences in MVIC force with the 
young adults recovering more quickly than the old adults for both protocols (Figures 3.5 
and 3.6). A lack of recovery time for old adults can potentially be explained by the 
inhibition of neural drive. Previous experiments done in the upper limb have shown 
associations in which contributions from supraspinal sources were associated with 
maximal strength in recovery in older men than young men during both isometric and 
dynamic exercise, evidencing neural inhibition (Yoon et al., 2012; Yoon et al., 2013). 
Delayed recovery has also been seen in the lower limbs between young and old adults 
with old adults during an isometric task showing impairments in motor unit firing rates 
through five minutes of recovery, while similar recovery was seen for contractile 
properties (Dalton et al., 2010a). The age differences in force recovery could potentially 
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be explained by the changes that occur in cortical activation patterns and how older adults 
undergo structural and chemical changes which could lead to inhibition (Ward, 2006).  
Sex Differences During Training 
 
Physiological differences between men and women exist, for example differences 
in muscle fiber type. In a review by Hunter in 2016 which combined multiple studies 
assessing type I fiber area have shown greater proportions of slow type I fibers in women 
compared to men (Hunter, 2016a) (Figure 1.3). Differences in fatigability between men 
and women have also been observed at low velocity movements (~20%MVC) but not at 
high velocity movements (~50-80% MVC) for both the upper and lower extremity 
(Maughan et al., 1986; Avin et al., 2010). Therefore, we expected that the young and old 
men may have fatigued more than women during the LLP but would fatigue similarly 
during the HLP, however, no differences between the sexes were observed. 
 
Conclusion  
 For the first time, we demonstrated that young and old men and women have 
greater reductions in knee extensor isometric force and twitch amplitude after a single 
bout of low load/low velocity protocol compared with a high load/high velocity protocol. 
Reductions in voluntary activation contributed to the reduction in maximal force for each 
protocol; however, the greater fatigability during the LLP was primarily due to muscular 
mechanisms with a smaller contribution from neural mechanisms. The clinical relevance 
of these findings could be very useful when prescribing exercise to older adults. If similar 
to greater adaptations can be seen during a low load and low velocity task, this exercise 
may not only be more beneficial, but also be safer for older adult health. As previously 
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described, knee osteoarthritis increases with age, causing increasing joint stiffness and 
decreased force generation capability (Felson et al., 1987). By placing less demand on the 
joints and also generating appropriate levels of fatigue (as with the LLP), this type of 
exercise may be more suited for the older adult population.  
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